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HsfB2b are HS-inducible genes (Busch et al., 2005; Schramm et al., 2008) . Tomato HsfB proteins were suggested to be coactivators of HsfAs (Bharti et al., 2004; Hahn et al., 2011 ).
HsfB1 and HsfB2b were shown to regulate the expression of defensin genes and their mutant lines exhibited higher disease resistance than in wild-type (Kumar et al., 2009), suggesting that HsfB1 and HsfB2b may negatively regulate disease response.
Biological function of class B Hsfs in HS response, however, remain to be clarified.
We reported previously that HsfB1 and HsfB2b have repressive activities in transient expression assays and that the 11 amino acids (GEGLKLFGVWL) at the carboxyl terminus of HsfB1 act as a repression domain, designated the B3 repression domain (BRD; Ikeda and Ohme-Takagi, 2009 ). This sequence is conserved in HsfB1 of Arabidopsis, tomato (Lycopersicon periuvianum) and soybean (Glycine max) (Czarnecka-Verner et al., 2004) .
The repressive activity of HsfB1 was reported in tomato, Arabidopsis and soybean (Czarnecka-Verner et al., 2000 , 2004 Ikeda and Ohme-Takagi, 2009 ), but the functional role of the repressive activity of HsfB1 has not been identified.
In this report, we show that two members of class B Hsfs, HsfB1 and HsfB2b, are active repressors of the transcription of HS-inducible genes for Hsfs and HSPs. Moreover, we demonstrate that these class B heat-shock transcriptional repressors are necessary for suppression of the general HS response under non-HS conditions and in the attenuating period and for acquired thermotolerace. 
HsfB1 is a Transcriptional Repressor
In Arabidopsis leaves, HsfB1 exhibited strong repressive activity in a yeast Gal4 DNA-binding domain (GAL4-DB) fusion transient-expression assay (Ikeda and Ohme-Takagi, 2009 ). The L/VR/KLFGVXM/V/L sequence, which is the core of the BRD, is conserved in the orthologs of HsfB1 in a variety of plants (Fig. 1A, Czarnecka-Verner et al., 2004; Ikeda and Ohme-Takagi, 2009 ). When the BRD was mutated and six amino acid residues in LKLFGVWL replaced by alanine and glycine residues (to yield AGAAGAWA in a mutant protein designated mutHsfB1; Fig. 1B ), the repressive activity of HsfB1 was abolished in the transient expression assays (Fig. 1C) . These results indicated that BRD is necessary for the repressive activity of HsfB1.
The transgenic seedlings that ectopically expressed HsfB1 (Pro35S:HsfB1) were much smaller than those of Pro35S:mutHsfB1 and wild-type plants, and, in rosettes, Pro35S:HsfB1 plants were tiny with small and crinkly shaped leaves and had crooked roots (Figs. 2C and 2D and Supplemental Fig. S1B ). These morphological data suggest that repressive activity has an effect on biological functions of HsfB1. It has been shown that the defective mutants for thermotolerance exhibit short hypocotyl phenotype (Hong and Vierling, 2000) , and a quadruple mutant of HsfA1s, which is defective thermotolerance, exhibits a tiny phenotype under normal growth conditions (Kwon et al., 2007; Liu et al., 2011) . The tiny phenotype of Pro35S:HsfB1 plants might suggest involvement of HsfB1 in the regulation of genes related to thermotolerance.
HsfB1 Represses Transcription of Genes for HS-inducible Hsfs and HSPs
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To determine the role of the repressive activity of HsfB1 in regulation of the HS response, the expression of transcripts of the HS-inducible Hsfs and several genes for HSPs was analyzed. Quantitative RT-PCR analysis using RNAs isolated from root tissues of 27 day old plants grown on agar plate showed that the relative expression levels of HsfA2, HsfA7a, HsfB2b and HSP15.7CI were higher in Pro35S:mutHsfB1 roots than those of Pro35S:HsfB1 roots and of wild-type roots at the non-heat condition (23˚C) (Fig. 2E) . The higher expression of the heat inducible genes in Pro35S:mutHsfB1 plants is probably due to dominant negative effect of mutHsfB1, which interfered with the repressive activity of endogenous HsfB1 by competing with it.
The repressive activity of HsfB1 to the heat inducible genes was not observed when the Pro35S:HsfB1 plants were treated with heat stress (32˚C, 34˚C and 37˚C) probably due to extreme high expression of HS inducible genes (data not shown). However, under moderate heat condition (28˚C) at 45 min, induction of HsfA2, HsfA7a, HsfB2b, HSP15.7CI and endogenous HsfB1 expression was suppressed or reduced in Pro35S:HsfB1 seedlings compared with that of Pro35S:mutHsfB1 and wild-type plants (Fig. 3) . These results indicate that ectopically expressed HsfB1 acts as a repressor of the expression of these HS-inducible genes under moderate heat conditions (28˚C).
To evaluate the effect of HsfB1 for the promoter activity of HS-responsive genes, transient expression assays by bombardment of rosette leaves were performed using reporter genes in which the 5' upstream region of the translation initiation site of HsfA2 (1244 bp), HsfB1 (1868 bp), HsfB2b (2400 bp) and HSP15.7CI (1462 bp) were placed upstream of the luciferase (LUC) reporter gene (Fig. 4A) Fig. S2A ).
Increased activity of the ProHsfA2:LUC reporter gene was much higher with 1 h postincubation at 23˚C after treatment at 37˚C for 1 h than without postincubation and heat treatment (Supplemental Fig. S2B ), therefore we used condition of 1 h postincubation at 23˚C after the heat treatment in the transient assays (Fig. 4B) . The activity of each reporter gene was upregulated when treated at 37˚C, but the activation by heat treatment was suppressed when the Pro35S:HsfB1 effector was coexpressed (Fig. 4C ). Such suppression was not observed when Pro35S:mutHsfB1 was coexpressed. These results suggested that HsfA2, HsfB2b and HSP15.7CI might be targets of HsfB1 and that HsfB1 might regulate its own expression. by coexpression similar as HsfB1 (Fig 5B) . HsfB2a also repressed the activity of the reporter gene but its repressive activity was weaker than that of HsfB1 and HsfB2b. On the contrary, either HsfB3 or HsfB4 did not repress the expression of ProHsfA2:LUC reporter gene (Fig. 5B) . Expression of HsfB2a and HsfB2b was induced by heat, although the levels of expression were lower than that of HsfB1 (Supplemental Fig. S3C ; Schramm et al., 2008) . We confirmed the binding of HsfB1 and HsfB2b to the promoter of HsfA2 by yeast one hybrid assay using 473 bp 5' upstream regions from the translation initiation site of the HsfA2 (Fig. 5C ).
Since HsfB2b appeared to be functionally redundant gene of HsfB1, double-knockout lines with mutations in both the HsfB1 and HsfB2b genes were prepared. From among the four resultant lines, the hsfb1-1 hsfb2b-1 null line rather than the hsfb1-2 hsfb2b-2 line was selected because transcripts of the HsfB1 and HsfB2b genes were detected in hsfb1-2 hsfb2b-2 plants (Supplemental Figs. S4A and S4B ).
Microarray analysis revealed that genes related to the HS response were over-represented among the genes whose expression was enhanced in seven-day-old hsfb1-1 hsfb2b-1 seedlings at the non-HS condition (23˚C; Fig. 6A Fig. S4C ). The elevated expression of these genes was also observed in hsfb1-2 hsfb2b-2 plants (Supplemental Fig. S4C ).
www.plantphysiol.org on July 15, 2017 -Published by Because the expression of HsfA2 was not suppressed in the hsfb1-1 hsfb2b-1 double mutants, we considered that HsfB2b acts as functional redundant factor to HsfB1 and that HsfB2a may play a minor role for regulation of the expression of HsfA2.
Quantitative RT-PCR showed that the expression levels of HsfB2a and genes for small HSPs, namely AtHsp23.6-MITO (At4g25200), AtHsp21 (At4g27670), AtHsp17.4 (At3g46230), Hsp15.7CI (At5g37670) and DNAJ (At2g20560), were three-to four-fold higher in hsfb1-1 hsfb2b-1 plants than in wild-type plants at 23˚C (Table 1 ). The expression level of DNAJ (At2g20560) was also elevated in hsfb1-2 hsfb2b-1 plants ( Kumar et al., 2009 ). Expression of the heat-inducible genes HSP101, AtHSP70 (At3g12580), AtHSP90.1 (At5g52640), DREB2A, AtHsp26.5 (At1g52560) and Hsp18.2 (At5g59720) was also very slightly enhanced in hsfb1-1 hsfb2b-1 seedlings (Table 1 ). In contrast, the expression of HsfA3 was not affected either in hsfb1-1 hsfb2b-1 or hsfb1-2 hsfb2b-2 plants, indicating that not all HS-responsive genes are regulated by HsfB1 and HsfB2b (Supplemental Fig. S4C ).
These results demonstrated that HsfB1 and HsfB2b act as repressors of HS-inducible genes for Hsfs and HSPs under a non-HS (23˚C) temperature.
We found that seedlings of hsfb1-1 hsfb2b-1 plants had longer hypocotyls than those of the wild-type under non-heat condition, although, their roots and adult plants were similar to those of wild-type (Fig. 6B condition (27˚C to 29˚C) (Gray et al., 1998; Koini et al., 2009; Kumar and Wigge, 2010) .
Our microarray analyses revealed that the expression of heat-inducible genes was enhanced in hsfb1-1 hsfb2b-1 plants under non-heat stress condition (Table 1 ). This suggests that hsfb1-1 hsfb2b-1 plants are constitutively in a state similar to a moderate heat stress and that this may be the reason why seedlings of hsfb1-1 hsfb2b-1 plants had longer hypocotyls.
HsfB1 and HsfB2b Suppress the Expression of HsfA2 and HsfA7a under HS

Condition and are Involved in Thermotolerance
Under moderate heat condition (28˚C), the expression levels of HsfA2 and HsfA7a in seven-day-old seedlings of hsfb1-1 hsfb2b-1 plants were also much higher than in wild-type seedlings (Fig. 7A ). These suggest that HsfB1 and HsfB2b act as repressors of the expression of HsfA2 and HsfA7a under moderate heat condition. Actually, HsfB1 was expressed under normal conditions, especially in root, although the expression of HsfB1 was not upregulated at 28˚C, whereas the expression of HsfB2b was induced at 28˚C ( Fig.   7B ; Busch et al., 2005 , Schramm et al., 2008 .
The expression of HsfA2 and HsfA7a in hsfb1-1 hsfb2b-1 seedlings was induced at 32˚C to a similar extent to that in wild-type within 30 min (Fig. 7C ). However, under continuous heat stress at 32˚C, the expression levels of these genes decreased rapidly after 30 min in wild-type seedlings, while those in hsfb1-1 hsfb2b-1 seedlings remained consistently higher than in the wild-type (Fig. 7C ). Since the expression of HsfB1 and HsfB2b was induced at 32˚C ( Because seedlings of hsfb1-1 hsfb2b-1 plants overexpressed HS-responsive genes at the normal growth temperature (23˚C), we examined the thermotolerance of hsfb1-1 hsfb2b-1 plants. Five-day-old seedlings of hsfb1-1 hsfb2b-1 plants were treated at 42˚C for 40 to 80 minutes and then grown at 23˚C for 15 days. Seedlings of hsfb1-1 hsfb2b-1 plants exhibited higher thermotolerance than those of wild-type when treated 42˚C for 80 minutes (Fig. 6C ).
This enhanced thermotolerance of hsfb1-1 hsfb2b-1 plants might have been due to higher levels of expression of HsfA2 and HSP (Table 1) , whose ectopic expression has been shown to induce stress tolerance (Nishizawa et al., 2006) .
HsfB1 and HsfB2b are Necessary for the Acquired Thermotolerance
It has been reported that prior heat treatment enhances the subsequent thermotolerance in plants, which is called acquired thermotolerance, and that HsfA2 is necessary for the acquired thermotolerance (Hong and Vierling, 2000; Charng et al., 2007) . To analyse whether HsfB1 and HsfB2b, which affect the expression of HsfA2, are involved in acquired thermotolerance, we exposed seedlings at 43˚C for 40 to 120 minutes after 2h recovery at 23˚C following a conditioning treatment at 32˚C for 30 minutes (upper panel of Fig. 8A ), and then grew them at 23˚C for 15 days. The results showed that the relative number of hsfb1-1 hsfb2b-1 seedlings that survived HS at 43˚C for 100 minutes was 50% lower than that of wild-type seedlings (left panels of Fig. 8A ). In addition, this phenomenon was similarly observed when plants were exposed 43˚C after 3-day recovery at 23˚C following a conditioning treatment at 37˚C for one hour (right panels of 
Arabidopsis.
To approach the molecular events and the roles of class B Hsfs under heat-stress conditions, we performed microarray analysis using RNA from seedlings that had been incubated at 32˚C for 30 minutes. In contrary to the results obtained under normal conditions (23˚C), under HS conditions at 32˚C, the group of genes related to the HS response was clearly overrepresented among genes whose expression was suppressed in hsfb1-1 hsfb2b-1 seedlings, as compared to wild-type seedlings ( Fig. 8B and Supplemental Tables S1 and S5). The level of expression of the genes for HSP101, ten small HSPs, AtHSP70, HSP90 and DNAJ was lower in hsfb1-1 hsfb2b-1 plants than wild-type under 32˚C HS condition (Table 1, Supplemental Tables S4 and S5 ). These data indicate that the extent of induction of HS-inducible genes (see "Materials and Methods" for definition) at 32˚C, was weaker in hsfb1-1 hsfb2b-1 plants than in wild-type plants (0.55-fold on average; (Fig. 5A) . However, either HsfB3 or HsfB4 does not have repressive activity to the promoter of HsfA2, which was shown to be direct targets of HsfB1 in this study (Fig. 5B ).
In addition, HsfB2b, but not HsfB2a, appears to be functionally redundant factor to HsfB1 because the expression of HsfA2 and HsfA7a were highly induced in hsfb1-1 hsfb2b-1 plants under non-heat condition (Table 1 
HsfB1 and HsfB2b are Required for Acquired Thermotolerance
Although hsfb1-1 hsfb2b-1 plants exhibited higher thermotolerace, they exhibited lower acquired thermotolerance than wild-type ( Figs 6C and 8A ). It seems plausible that hsfb1-1 hsfb2b-1 plants might be unable to accumulate sufficient amounts of the HSPs that are necessary for resistance to severe HS during the pre-treatment. Microarray analyses revealed that the levels of expression of various HS-inducible genes for HSPs, including the HSP101 gene, which have been shown to be necessary for acquired thermotolerance, were lower than in the double mutant than wild-type plants under HS conditions (32˚C 30 min) (Table 1 and Supplemental table S1, S5 and S6; Hong and Vierling 2000, Queitsch et al., 2000) . We showed that the group of genes that is regulated by HsfA1a and HsfA1b was significantly over-represented among genes down-regulated in hsfb1-1 hsb2b-1 demonstrated that the responses of Arabidopsis to HS are regulated by the finely tuned activation and repression activities of Hsfs. In contrast to many eukaryotes, which control the HS response using simple feedback regulation between Hsfs and HSPs, the HS-responsive system in plants is composed of two activation steps for early (HsfA1s) and extended response (HsfA2), and two attenuating steps for suppression of the activation activity of class A Hsfs by HSPs and repression of the expression of Hsf genes by class B Hsfs. Thus plants have evolved a unique HS-response system using Hsfs and HSPs to acquire the ability to survive heat stress.
MATERIALS AND METHODS
Construction of Plasmids
The coding regions and the 5'-upstream regions of genes used in this study were amplified from a cDNA library or from the genomic DNA of Arabidopsis with appropriate primers (see Supplemental Table S7 online). The mutations in HsfB1 were subjected to be introduced by use of appropriate mutagenic primers. Construction of the effector and reporter plasmids for transient expression assay were described previously (Hiratsu et al. 
Growth and Transformation of Plants
Arabidopsis thaliana Col-0 was used in all experiments. Plants used for transient assay and for transformation were grown in soil at 23°C (normal growth temperature) with a photoperiod of 10 h/14 h and 16 h/8 h light/dark, respectively. Transformation of Arabidopsis was performed using the floral dip method (Clough and Bent, 1998) . Plants used for RNA isolation and analysis of thermotolerance were grown on agar plates at 23˚C with a photoperiod of 16 h/8 h light/dark.
Heat Treatment
Five-day-old seedlings grown on horizontal agar plates, which contained 30 ml solid medium of Gamborg's B5 medium, at 23˚C under 60 µmol m -2 S -1 light condition were submerged in a water bath at 28˚C, 32˚C, 42˚C and 43˚C for appropriate time.
Transient Expression Assays
Transient expression assays were performed using Arabidopsis rosette leaves of two-month-old plants, as described previously (Hiratsu et al., 2004) . For heat treatment, Arabidopsis leaves were incubated at 37˚C under air condition for 1h in dark after particle bombardment.
Isolation of RNA and Analysis of RNA Expression
Total RNA was isolated with the RNeasy Plant Mini Kit™ (Qiagen) from seedlings or roots of more than ten individual plants in every case. Quantitative RT-PCR was performed www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 2011 American Society of Plant Biologists. All rights reserved. as described previously (Mitsuda et al., 2005) , with appropriate primers (Supplemental Table S7 online). Relative levels of transcripts were calculated by an absolute quantification method, with transcription of Ubiquitin 1 (UBQ1) as an internal control. More than three replicates were included in each experiment. Results are presented as the mean ± S.D. The absence of an error bar indicated that the bar falls within the symbol.
Yeast One Hybrid Assays
The yeast one hybrid assays performed as described previously (Mitsuda et al., 2010) . 
Microarray Analysis
The microarray experiments were performed using the Agilent Arabidopsis 3 (44k) microarray (Agilent Technologies, Palo Alto, CA) according to the manufacturer's instructions. Four biological replicates were tested with a two-color method in which wild-type RNA was labeled by Cy3 in two replicates and by Cy5 in the other replicates.
Spot signal values were calculated with Feature Extraction ver. 9.1 software (Agilent). The Genes with an average QC value <1.5 in the 'target' sample or the 'control' sample were excluded from the following analyses. Only genes with an average detection value ≥ 1.5 in the 'target' sample were analyzed when selecting upregulated genes, while only genes with an average detection value >1.5 in the 'control' sample were analyzed when selecting downregulated genes. The P value for each gene was calculated using Welch's t-test. To control type-I family-wise error, we calculated the Q-value from the P value using QVALUE software using the default settings (Storey and Tibshirani, 2003) and selected upor down-regulated genes with a Q-value <0.1 in addition to fold-change filters (>1.5-fold or <0.67-fold). Fisher's exact test was performed using R (http://www.r-project.org/). We 
